The study investigates the performance of a semi-active vehicle engine mount incorporating an MR damper working in the squeeze mode (MRSQD), summarising its design, operating principles and key characteristics. The mathematical model of the mount is formulated based on the newly developed MRSQD. Two control algorithms are proposed for MRSQD control. The first algorithm (ALG1) uses the inverse model of the engine-frame system, the other is the sliding mode algorithm (ALG2). The effectiveness of the engine mount system is demonstrated in computer simulation.
Introduction
The main source of engine vibrations are unbalanced inertia forces in the assembly of a crankshaft, pistons and connecting rods, as well as forces associated with the combustion process (Jędrzejowski, 1986; Kamiński and Pokorski, 1983) . Car body vibrations are mostly attributed to road unevenness. Car body-engine interactions cause the vibrations to be transmitted between these two units. As these sources of vibration cannot be entirely eliminated, minimising the dynamic components of the forces transmitted via engine mounts becomes the major issue.
Elastic vehicle engine mounts were first used in the 1930s, based on rubber components, being small in size and relatively cheap (Yu et al., 2001 ). In the 1960s, the engine mounts were introduced which used purpose-designed hydraulic elements to stabilise the engine (Flower, 1997; Graf and Shoureshi, 1988) . In the years to come, these elements were further modified and upgraded (Singh et al., 1992) . They allow control of the mount stiffness and damping parameters in a wide frequency range (Helber et al., 1990) . However, parameters that are established at the stage of design have to remain unchanged when the system is in operation.
In the recent years, research efforts have focused on active and semi-active elements to be incorporated in engine mounts (Ivers and Dol, 1991) . These elements enable more effective reduction of negative interactions between the engine and the car body. Stiffness and damping parameters can be adapted to the mount operating conditions providing the engine mounts with active or semi-active elements, such as MR dampers (Kim, 2014) .
The vehicle engine mount considered in this study is provided with an MR damper operating in the squeeze mode (Sapiński and Krupa, 2013; Sapiński and Gołdasz, 2015; Sapiński, 2015) . Its design, operating principles and key characteristics are summarised and the mathematical model is developed incorporating the MRSQD (Snamina and Sapiński, 2014) . Two control algorithms are proposed for damper control: the first algorithm (ALG1) uses the inverse model of the engine-frame system, the other is the sliding mode algorithm (ALG2) (Imine et al., 2011) . The effectiveness of the ALG1 and ALG2 has been simulated in ideal conditions and during their implementation with a semi-active element.
MR squeeze-mode damper
The structure of the former version of the MRSQD was described in the notification of inventive design (Sapiński and Krupa, 2015) and in the works (Sapiński and Gołdasz, 2015; Sapiński, 2015) . The present version of the device is characterized by a modified magnetic circuit. The objective of this device improvement was to achieve better characteristics taking into account potential applications of the MRSQD. The structure of the MRSQD with the numeric symbols indicating all key components (1-9) is shown in Fig. 1 . The hardware features two concentric Fig. 1 . Structure of the MRSQD cylinders (1, 2) . The inner (non-magnetic) cylinder (2) houses the piston (3) with an integrated non-magnetic ring (9), the core assembly (4), and the floating piston (5). The core assembly incorporates the coil (6) . The outer cylinder (1) material is ferromagnetic. The distance between the lower surface of the piston and the upper surface of the core is referred to as the control gap of time-variant height h. The distance between the piston and the core varies according to the prescribed displacement (force) input. The floating piston below the core assembly separates the MR fluid from the coil spring located in the compensating chamber below the floating piston (5) . The chamber incorporates a preloaded coil spring (not revealed in the diagram) for fluid volume compensation. The current in the control coil (6) induces a magnetic field. The magnetic flux generated by the current in the control coil travels through the core and into the control gap, the outer cylinder, and back into the core through radially projected arms in the core base. The inner cylinder of sufficient wall thickness is used to reduce the amount of magnetic flux bypassing the working gap, i.e. magnetic short circuit. All of the components ensure an efficient magnetic flux return path. The flux induced in the control gap upon the application of the coil current effectively modifies the yield stress of the MR fluid and its resistance to flow. As the piston moves downward, the distance between the core and the piston decreases. The excess of the MR fluid is squeezed out of the control gap into the fluid volume between the inner cylinder and the outer housing of the damper, and then into the compensating chamber. The additional MR fluid volume that enters the compensating chamber pushes the floating piston against the coil spring. The structure incorporates a non-magnetic ring (7), whereas the base cap (8) is used for fixing the assembly against the ground.
The control coil of the device is represented by the equivalent circuit (see Fig. 2 ). The circuit consists of constant resistance R = 2.8 Ω and inductance L(i, h) that depends on the applied current i and working gap height h. Let us assume that the piston executes sinusoidal motion with a frequency 9 Hz around to the midpoint of the current gap height with the amplitude 0.7 mm and recall the relationship L(i, h) determined in (Sapiński and Krupa, 2013) . Then, suplying the coil with the step voltage u = U · 1(t) we obtain plots of the current for U = 1.4 V and U = 2.8 V and gap height h = 2.16 mm as shown in Fig. 3 . In the steady-state conditions, the constant component of current in the coil is produced by electric input (voltage u) whilst the variable component is induced by the mechanical input (piston displacement corresponding to the change of the gap height). It can be seen that for the assumed values of U , the steady-state current level is I = 0.5 A and I = 1 A. The force F d produced by the MRSQD has the following components: force associated with fluid viscosity, inertia force of fluid motion and the force associated with yield stress of the fluid (Sapiński, 2015) . In Figs. 4 and 5, we present plots between the force F d and control gap height h and time histories of the force F d for various piston displacement frequencies and for the control coil being supplied with no current and the current I: 0.5 A, 1 A. The plots clearly indicate that the applied current in the coil is the major determinant of the damper force whereas for the given current level, the frequency of piston motion (piston velocity) plays a minor role. 
Modeling of engine mount based on an MR squeeze-mode damper
Vibrations of the engine and frame linked to the car body are considered as a one process and are investigated using a simplified 2 DOF model schematically shown in Fig. 6 . The engine mount system incorporates the MRSQD. The model embraces this part of the car body which includes the engine. Assuming the kinematic inputs simulating the road unevenness, the following equations are derived
where M is the frame mass, m -engine mass, J -inertia moment of the engine (incorporating the crankshaft, pistons and rods assembly) with respect to the axis of revolution of the front engine attachment, F d -MRSQD force acting upon the engine block, l -lever arm of the force F d with respect to the axis of revolution, k -stiffness coefficient of a spring connected in parallel to the MRSQD, l S -horizontal distance between the centre of engine mass S and the axis of rotation, ϕ -rotation angle of the engine block, y -co-ordinate of the frame position, k p -stiffness coefficient of each spring in frame guides, b p -equivalent viscous damping in the frame guides. The co-ordinates ϕ and y describe motion of the system in relation to the static equilibrium position. The term on the right-hand side of the first equation in system (3.1) is expressed in the physical unit of the force. Designating F = 2k p z(t), we are able to obtain the equivalent diagram of the investigated system (see Fig. 7 ) in which the kinematic input z is replaced by the applied force input F (preferred in the construction of the laboratory stand). The equations governing the system vibrations become
The MRSQD force acting upon the vibrating object can be approximated with the formula
where D p is the piston diameter in the damper, µ -dynamic viscosity of MR fluid, ρ -density of MR fluid, τ 0 -yield stress of MR fluid, β 1 , . . . , β 4 -coefficients whose values are obtained from measurements.
In the static equilibrium position, the height h of the gap equals h 0 . In this piston position, the co-ordinates ϕ and y are equal to zero. Recalling the MRSQD structure, h 0 -corresponds to the maximum amplitude of piston displacement with respect to the housing, when the piston is on the same level as the upper surface of the core. Components of the force given by Eq. (3.3) have their physical interpretation: the first one is associated with fluid viscosity, the second one with those properties of MR fluids that are associated with magnetic field induction, and the other two terms are due to MR fluid inertia during the flow between the gap and the compensating chamber. Of major importance is the second term associated with magnetic field induction.
Control algorithms for the MR squeeze-mode damper
The forces of mount and engine interactions are resultants of static force components compensating for the engine gravity force and dynamic force components associated with the system motion. These dynamic forces can be treated as those disturbing the state of equilibrium. The MRSQD force ought to minimise the impacts of forces disturbing the system equilibrium.
The active and semi-active vibration reduction systems use usually sky-hook or LQ algorithms as well as algorithms which employ suitable designed filters. This study presents two special algorithms, designated as ALG1 and ALG2 that allow separation of the sub-system from the rest of the system. Algorithm ALG1 bases on the inverse model of the engine-frame system, and algorithm ALG2 is the sliding mode algorithm.
The main objective of the control in the mount system is to minimise the vibration amplitude of a selected point of the engine. In accordance with algorithm ALG1, the MRSQD interaction force is obtained such as to compensate for the dynamic components of the frame-engine interaction force and to eliminate vibration of the point C of the engine. The algorithm is selected such that the vibrations of the point C should be decaying. The damping decrement expressing the effectiveness of control is dependent on actual parameters of the algorithm. The proposed algorithm can be governed by a force as a function of variables ϕ and y and their derivatives
The frame, engine and the control system with the control algorithm are shown in the block diagram (Fig. 8) . The coordinates y and ϕ needed to determine the control signal are designated as output signals from the frame and engine blocks. As the damper interacts not only with the engine but with the frame as well, the force F d is given as the input signal to the frame and engine blocks. F is an external force acting upon the frame and disturbing the system equilibrium. Taking into account formula (4.1), in the system of equations (3.2) we obtain equations governing the system motion with feedback
where: w = y + lϕ. Recalling the inverse model, the force F d is chosen such that the second equation in system (4.2) is not coupleted to the first equation, and that it involves vibration damping. Solution to the second equation determines the solution of the first equation because the force is transmitted onto the frame at the point where the engine is attached.
In accordance with principles of the sliding mode control (Shtessel et al., 2014; Utkin and Chang, 2002) , the algorithm contains a sliding variable σ being a linear combination of the position and velocity co-ordinates
When the sliding variable is equal to zero (σ = 0), Eq. (4.3) implicates a sliding surface in a two-dimensional state space. The measure of the distance between the actual trajectory and the sliding surface can be expressed by a function of the sliding variable σ
This is a Lyapunov function. The control is determined basing on the inequality which limits the Lyapunov function derivatives with respect to time, along the trajectory of motion. Assuming that the dynamic component of the force of mount and engine interaction is bounded by S max , the Lyapunov function derivative along the trajectory satisfies the following inequality
which is the basis for determining the control signal
where the coefficient χ is given by the formula
In order to make the control signal derived from Eqs. (4.6) and (4.7) be implemented, it is required that the parameter S max [N] should be first determined as it imposes a limit on force disturbing the system equilibrium. Besides, the parameters c [1/s] and α [m/s 2 ] should be assumed, expressing the inclination of the sliding surface. The value of the parameter S max can be estimated through investigating the system vibrations or from measurements. The investigated vibration reduction system incorporating the MRSQD is a semi-active system. In accordance with the fundamental principle of semi-active systems, it is assumed that the system is capable of reproducing the force implicated by the suggested algorithms as long as the power resulting from damper-object interactions should be negative. When this power is positive, the semi-active system interaction force is equal to zero and the power delivered by the semi-active system will be zero, too. This condition can be written as follows
where F d is the force implicated by the control algorithm, F d(ef ) effective semi-active damper force. The relative velocity is the difference between velocity of the point the damper is attached to the engine (point C, see Fig. 6 ) and the velocity of the point where the MRSQD is attached to the frame.
Simulation of engine mount based on MR squeeze-mode damper
Recalling the mathematical model outlined in Section 4 and using algorithms ALG1 and ALG2, Simulation results obtained using the ideally reproduced control signal in accordance with the algorithm ALG1 are summarized in Fig. 10 , the value of the parameter is β = 200 Ns/m. In accordance with the algorithm ALG1, the vibration amplitude of point C of the engine decreases and its position asymptotically tends to the static equilibrium position. At the same time the amplitude of frame vibration remains almost unchanged.
Simulation results obtained using the ideally reproduced control signal in accordance with the control algorithm ALG2 are summarised in Fig. 11 , the value of the parameters c = 200 1/s, α = 10 m/s 2 , S max = 200 N. When the sliding variable σ and the associated sliding surface are introduced, motion of the point C is now governed by a decreasing exponential function corresponding to the movement along the sliding surface. The position of the point C asymptotically tends to the static equilibrium position whilst the amplitude of frame vibration remains almost unchanged.
The assumption made during the second phase of simulations was that the algorithms ALG1 and ALG2 were to be implemented using a semiactive damper. The simulation procedure uses condition (4.8) which yields the effective force value F d(ef ) . Simulation data are summarised in Figs. 12 and 13, for ALG1 and ALG, respectively. The results show that vibration reduction effectiveness deteriorates in relation to that achievable in the first stage of simulations, particularly in the case of ALG1. When comparing the simulation results for the proposed algorithms, the quantitative difference in motion of the subsytem to be vibroisolated can be observed. In the case of the ALG1, motion of the vibroisolated subsytem is typical vibration motion with a decreasing amplitude. This is similar to a great deal of such subsystem motion. The ALG2 is more effective and motion of the vibroisolated subsystem is characterized by a combination of both the oscillating and exponential motion.
Summary
This study investigates the potential application of a prototype MRSQD in a vehicle engine mount. Two algorithms for MRSQD control are proposed: one based on the inverse model of the engine-frame system (ALG1) and a sliding mode control algorithm (ALG2). In the ideal case, both algorithms ALG1 and ALG2 are effective, and the selected point of the engine can be returned to the position arbitrarily close to the static equilibrium position. In the case of semi-active implementation of ALG1 and ALG2, their effectiveness is significantly reduced. That applies particularly to ALG1, because semi-active actuators have a limited capability of reproducing the predetermined control force patterns. Despite this limitation, algorithms ALG1 and ALG2 can be the base for control of semi-active systems for vibration reduction.
